Abstract: We report structural, magnetic, and transport properties of polycrystalline samples and single crystals of superconducting Sm1−xThxFeAsO with maximal Tc above 50 K, prepared under high pressure. Bulk superconducting samples do not undergo a structural phase transition from tetragonal to orthorhombic symmetry at low temperatures. The unit-cell parameters a and c shrink with Th substitution and the fractional atomic coordinate of the As site zAs remains almost unchanged while that of Sm/Th zSm/Th increases. Upon warming from 5 to 295 K the increase in the FeAs layer thickness is dominant, while the changes in the other structural building blocks are minor, and they compensate each other, since the As-Sm/Th distance contracts by about the same amount as the O-Sm/Th expands. The polycrystalline and single-crystalline samples are characterized by a full diamagnetic response in low magnetic field, by a high intergrain critical current density for polycrystalline samples, and by a critical current density on the order of 8×105 A/cm2 for single crystals at 2 K in fields up to 7 T. The magnetic penetration depth anisotropy increases with decreasing temperature, in a similar way to that of SmFeAsO1−xFy single crystals. The upper critical field estimated from resistance measurements is anisotropic with slopes of 5.4 T/K (Hab plane) and 2.7 T/K (Hc axis), at temperatures sufficiently far below Tc. The low-temperature upper critical field anisotropy H is in the range of 2, consistent with the tendency of a decreasing H with decreasing temperature, previously reported for SmFeAsO1−xFy single crystals. were synthesized and grown under high pressure and their structural, magnetic and transport properties are studied. The superconducting T c reaches values higher than 50 K. Bulk superconducting samples (x = 0.08, 0.15, 0.3) do not show any signs of a phase transition from tetragonal to orthorhombic crystal structure at low temperatures. With Th substitution the unit cell parameters a and c shrink and the fractional atomic coordinate of the As site z As remains almost unchanged, while that of Sm/Th z Sm/Th increases. Upon warming from 5 K to 295 K the expansion of the FeAs layer thickness is dominant, while the changes in the other structural building blocks are smaller by a factor of ∼ 1/5, and they compensate each other, since the As-Sm/Th distance appears to contract by about the same amount as the O-Sm/Th expands. The poly-and single-crystalline samples are characterized by a full diamagnetic response in low magnetic field, by a high intergrain critical-current density for polycrystalline samples, and by a critical current density of the order of 8 × 10 5 A/cm 2 for single crystals at 2 K in fields up to 7 T. The magnetic penetration depth anisotropy γ λ increases with decreasing temperature, a similar behavior to that of SmFeAsO 1-x F y single crystals. The upper critical field estimated from resistance measurements is anisotropic with slopes of ∼5.4 T/K (H||ab plane) and ∼2.7 T/K (H||c axis), at temperatures sufficiently far below T c . The upper critical field anisotropy γ H is in the range of ∼ 2, consistent with the tendency of a decreasing γ H with decreasing temperature, already reported for SmFeAsO 1-x F y single crystals.
I. INTRODUCTION
Renewed interest in high-T c superconductivity research has been stimulated by the discovery of superconductivity in LaFeAsO 1-x F x (T c ∼ 26 K) [1] , followed by the quest of finding materials with higher T c ΄s up to ∼ 55 K [2] [3] [4] through replacing La with other rare earth elements (such as Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, and Y) [2] [3] [4] [5] [6] [7] [8] [9] [10] . In all members of the so called "1111" family LnFePnO (Ln: lanthanide, Pn: pnictogen) the Fe 2 Pn 2 layer is central for superconductivity, and the Ln 2 O 2 layer plays a role as a charge-carrier source. A distinctive feature of this family is the possibility to vary the charge carrier's density and thus tuning of electronic properties through chemical substitution at different atomic sites. Electron doping can be realized by the partial substitutions of F for O [6] as well as by oxygen deficiency [11] .
In addition to the carrier doping in Ln 2 O 2 layers, the partial substitution of the Fe site with Co or Ni also leads to superconductivity [12, 13] . Although the valence of the doped Co and Ni ions seems to remain 2+, electron carriers are thought to be induced owing to the itinerant character of the 3d electrons [12] . Recent calculations of Wadati et al. [14] show that the extra d electrons are almost totally located within the muffin-tin sphere of the substituted site. It is suggested that Co and Ni act more like random scatters, scrambling the momentum space and washing out parts of the Fermi surface. Apart from chemical doping, superconductivity develops when "chemical pressure" is applied by partial substitution of smaller and isovalent P ions for As in LaFeAsO [15] . Finally, Ln in the 1111 type structure can also be easily substituted. "Hole-doped" superconductors were reported in the case of Sr-substituted Ln 1-x Sr x FeAsO (Ln = La, Pr, Nd) [16] , while "electron-doped" superconductors were found through Th 4+ substitution at the lanthanide site in GdFeAsO [17] , NdFeAsO [18] , and
LaFeAsO [19] with respective T c ΄s up to 56 K, 38 K, and 30 K. The evolution of superconductivity in Th and F co-doped polycrystalline samples Sm 0.9 Th 0.1 FeAsO 1-y F y was reported too [20] . Besides playing a role of carrier's source, Th substitution is also interesting for the stabilization of 1111 phases with smaller lanthanides such as Tb, for example [21] . In this case the incorporation of relatively large Th 4+ ions leads to a correction of the lattice mismatch between Ln 2 O 2 fluorite-type block layers and Fe 2 As 2 layers. One can expect that thorium ions can serve as effective pinning centers, but it is not established yet. Obviously, it is important to carry out more investigations in this direction in order to extend the possibility to tune the electronic properties of the 1111 phase since it still holds the highest T c ΄s among pnictides and looks promising for future practical applications [22] . Since superconducting properties are highly sensitive to local structure environments, investigations on single crystals are particularly suited to help in elucidating the anisotropic superconductivity in the LnFePnO system.
In this paper, we report the high-pressure synthesis and single crystal growth of were able to grow plate-like single crystals with a size of ∼ 100 × 100 μm 2 . The precursor to flux ratio was fixed to 1:1. The precursor powders were mixed and ground, and the pellets were pressed in a glove box filled with dry argon gas. The growth conditions were similar to those used for the growth of SmFeAsO 1-x F y single crystals [23] . Pellets containing precursor and flux were placed in a BN crucible inside a pyrophyllite cube with a graphite heater. The six tungsten carbide anvils generated pressure on the whole assembly. In a typical crystal growth run, a pressure of 3 GPa was applied at room temperature. While keeping the pressure constant, the temperature was ramped up to 1430 °C within 1 h, maintained for 65 h, and decreased in 1 h to room temperature. For the synthesis of polycrystalline samples the maximum temperature was maintained for 4.5 h, followed by quenching. Then the pressure was released, the sample extracted and in the case of crystal growth NaCl/KCl flux was dissolved in water.
Powder x-ray diffraction investigations (XRD) were performed at room temperature on a STOE diffractometer (CuK α radiation, λ = 1.54056 Å) equipped with a mini-PSD detector and a Ge monochromator on the primary beam. Three powder samples with different starting composition (Sm 1-x Th x FeAsO, x = 0.08, 0.15, and 0.3) were investigated at temperatures from ∼ 5 K till 295 K, using synchrotron radiation (Swiss-Norwegian beam lines at the European Synchrotron Radiation Facility, Grenoble, France) and a mar345 image-plate area detector (the sample to detector distance of 250 mm was calibrated using a Si standard, λ = 0.7000 Å).
Helium flow cryostats with a special chamber were used to reach low temperatures. Between individual runs the temperature was changed at a rate of ∼ 5 K/min, and then the samples were allowed to equilibrate for 15 min before data collecting was started. The sample temperature was controlled with an accuracy of 1 K. The 2D diffraction images were integrated using the program fit2d [24] and the 1D powder pattern were refined with the FULLPROF program in a sequential mode [25] . Single crystal structural investigations were done at room temperature using an x-ray single-crystal Xcalibur PX, Oxford Diffraction diffractometer equipped with a charge coupled device (CCD) area detector (at the Laboratory of Crystallography, ETH Zurich), which allowed us to examine the whole reciprocal space (Ewald sphere). Data reduction and the analytical absorption correction were introduced using the CRYSALIS software package [26] . The crystal structure was determined by a direct method and refined on F 2 , employing the SHELXS-97 and SHELXL-97 programs [27, 28] .
Magnetic measurements were performed in a Quantum Design Magnetic Property Measurement System (MPMS XL) with the Reciprocating Sample Option (RSO) installed.
The magnetic torque was measured using a highly sensitive miniaturized piezoresistive torque sensor within a home-made experimental setup described elsewhere [29, 30] . This technique allows to measure the angular dependent superconducting magnetic behavior by detecting the torque of a single crystal in a magnetic field along a chosen orientation with respect to the crystallographic c-axis. Four-point resistivity measurements were performed in a 14 Tesla
Quantum Design Physical Property Measurement System (PPMS). To minimize the influence of material inhomogeneities, plate-like Sm 1-x Th x FeAsO crystals smaller that 100 × 100 μm 2 were selected and contacted using a Focused Ion Beam (FIB) method. With this technique micrometer-sized Pt leads are precisely deposited onto the crystal and was found not to alter the bulk superconducting properties [22] .
III. RESULTS AND DISCUSSION
A. Crystal structure and references therein). We addressed this question in the Sm 1-x Th x FeAsO system. Figure 2 shows low-temperature XRD patterns for three Th substituted samples (x = 0.08, 0.15, and 0.3). By monitoring the gradual evolution of XRD patterns at low temperatures we paid special attention to the (220) peaks. No splitting or broadening of the (220) reflection was found down to liquid helium temperature, indicating no structural transformation. Even for lightly Th doped (x = 0.08) bulk superconducting sample, we were not able to resolve any definite inflection point in the evolution of full width at half maximum (FWHM) with temperature, which could be a signature of a structural transformation. Therefore, our data support a picture of a rather abrupt suppression of the orthorhombic phase at the boundary to superconductivity, as observed, e.g., in PrFeAsO 1-x F x [34] . Single crystals right at the critical composition would remain interesting to study.
The refined structural data for Sm 1-x Th x FeAsO polycrystalline samples are summarized in Table 1 . Since small amounts of ThO 2 and SmAs were observed as impurity phases they were included in the refinement models (using a multiphase Rietveld code) in order to minimize systematic errors and to obtain reliable structural parameters. The Rietveld refinement of the structure using powder x-ray diffraction data collected from liquid helium temperature to room temperature converged at R B = 1.1-2. (Fig. 3) . Within the present resolution, the cell parameters vary continuously across the superconducting transition.
To document the effect of Th substitution in more detail we carried out single crystal x-ray diffraction studies. Individual plate-like crystals (∼ 100 × 100 μm 2 ) were selected. The quality of the crystals was checked by means of XRD using an x-ray diffractometer equipped with a CCD area detector, which allows us to examine the entire reciprocal space (Ewald sphere) for the presence of other phases or crystallites with different orientation. Crystals from various batches show well-resolved reflection patterns, indicating a high quality of the crystal structure. As clearly seen in Fig. 4 , no additional phases (impurities, twins or intergrowing crystals) were detected by examining the reconstructed reciprocal space sections. The
crystallographic and structural refinement parameters of SmFeAsO and Sm 1-x Th x FeAsO single crystals are summarized in Table 2 . Since previous results [11] for the "1111" family suggested that oxygen non-stoichiometry (deficiency) can induce superconductivity, we
allowed in the refinement the occupancies of all sites to vary. Within experimental error, all occupancies are equal to one. From the refinement analysis, the Th content for the batch with starting composition Sm 0.65 Th 0. 35 FeAsO is only about 11 at.%. As for polycrystalline samples, the values of both the a-axis and c-axis lattice parameters of the parent compound are significantly larger than those of Th substituted. For 11 at.% substitution the relative changes, Δc/c ∼ -0.49% and Δa/a ∼ -0.15%. Lee et al. [35] pointed out that there is a relationship between T c and the As-Fe-As bond angle of the FeAs 4 -tetrahedron; T c is maximal when the As-Fe-As bond angle is close to 109.47, corresponding to an ideal tetrahedron. Several groups [36] studied it theoretically, and later Mizuguchi et al. [37] investigated it experimentally and finally it was suggested that the pnictogen height (h Pn ) is an important parameter for bands near the Г point of the Brillion zone. All together these findings strongly indicate that the superconducting properties of the Fe-based superconductors are closely correlated with the crystal structure. Our own detailed structure information obtained from single crystal refinement shows that the As-Fe-As bond angles, α and β, are very close to those of a regular tetrahedron and they are almost unchanged by Th substitution. The value of h Pn ∼ 1.37 Å is very close to its optimal value and almost insensitive to Th substitution (see , Table 1 and 2).
Similar results were found for F doped SmFeAsO single crystals. Bearing all this in mind we 7 conclude that intrinsically the geometry of FeAs 4 tetrahedron in SmFeAsO is close to optimal for having a high T c , and the geometry does not change significantly when we introduce charge carriers through heterovalent substitution in the SmO layer. While the substitutions add electrons, the FeAs 4 tetrahedron keeps the optimal geometry.
The effect of Th substitution details is shown schematically in Fig. 5a . With increasing Th content the main metric parameters vary systematically: both unit cell parameters (a, c)
shrink, the fractional atomic coordinate of the As site z As remains almost unchanged, while that of Sm/Th z Sm/Th increases. The As-Sm/Th distance shortens and the O-Sm/Th distance expands (Tables 1 and 2 ). Equivalently one may focuses on the "layers" of the structure: the Sm/ThO layer expands (Δy = 0.055 Å), the AsFe layer remains unaffected, and the distance x between the Sm/ThO and the AsFe layers shortens by Δx = -0.048 Å ( Table 2 ). These changes can be rationalized by considering the degree of covalent and ionic bonding character [38] , and the fact that the ionic radius of tetravalent Th is smaller than that of trivalent Sm whereas
Th has a larger covalent radius than that of Sm ( ∼ 1.65 Å, ∼ 1.62 Å). The same geometric changes of the unit cell due to Th doping were observed for polycrystalline samples ( (Fig. 5b) (Fig. 7) , indicative for good connections between the grains. This is confirmed by results of minor hysteresis loops measurements, performed in the zero-field-cooled mode, in the field range before flux is trapped within the grains [39] . In Fig. 8 the intergrain critical current density is shown for polycrystalline Sm 0.7 Th 0.3 FeAsO estimated in the temperature range from 2 to 40 K applying Bean's model [40] , with the sample size in the plane perpendicular to the applied field direction. As shown in Fig. 9 Single crystalline samples may be studied for their anisotropic superconducting properties by analyzing the magnetic torque τ(θ ) =μ 0 mH sin(θ ), where θ denotes the angle between the applied magnetic field and the c-axis of the crystal, μ 0 is the magnetic constant, m the angular dependent magnetic moment of the sample, and H the magnitude of the applied magnetic field. Measurements of the magnetic torque, similar to those carried out on fluorine substituted SmFeAsO single crystals [30, 42] were performed in order to investigate the anisotropic superconducting behavior in terms of the anisotropy parameter γ. The torque data were analyzed using a theoretical expression derived by Kogan et al. [43] within the London approximation of anisotropic Ginzburg-Landau theory:
B. Magnetic measurements and torque magnetometry
Here V is the volume of the crystal, Φ 0 is the elementary flux quantum, H c2 ||c is the upper critical field along the c-axis of the crystal, η denotes a numerical parameter of the order of unity, and . The volume of the crystal given in Fig. 11 λ [30] . The experimental setup as well as the measurement procedure is described in detail elsewhere [29, 30] . Representative examples of angular dependent torque curves measured at 45 K in a magnetic field of 1.2 T are shown in Fig. 12 .
The presence of a finite torque as well as a strongly angular dependent irreversibility clearly reveals the pronounced anisotropy of the superconducting state. A pronounced irreversibility close to the ab-plane (90 degrees) is observed, associated with a very high vortex-pinning in this field direction with respect to the crystallographic orientation. The peak-like feature very close to 90 degrees is interpreted as an indication of the lock-in effect of vortices within the ab-plane, indicative of a high crystal quality. If imperfection or impurity pinning effects dominate, the lock-in effect cannot be resolved, usually ascribed to intrinsic pinning of vortices due to the anisotropic crystal structure.
Note that the anisotropy parameter γ derived from the present analysis in rather low magnetic fields equals the magnetic penetration depth anisotropy γ λ [30] . The derived results of γ λ are shown in Fig. 13 , which increase from ∼ 9.8 at 47 K to ∼ 13.2 at 38 K. Unfortunately, due to the pronounced vortex-pinning in this crystal, especially close to the ab-plane, torque data below 38 K could not be reliably analyzed. The observed temperature dependence of γ λ is in good agreement with γ λ (T) found for fluorine substituted SmFeAsO and NdFeAsO [30, 42] .
Obviously, the Sm 1-x Th x FeAsO, SmFeAsO 1-x F y , and NdFeAsO 1-x F y are much more anisotropic superconductors than e.g. BaFe 2 As 2 , SrFe 2 As 2 , and FeSe 0.5 Te 0.5 , with γ λ ∼ 2-3 [44] [45] [46] [47] [48] [49] .
Magnetization hysteresis loops of a relatively large single crystal of Sm 1-x Th x FeAsO (∼ 500 ng) measured at various temperatures below T c in magnetic fields up to 7 T applied parallel to the crystal c-axis are presented in Fig. 14 (upper panel) . The wide loops, with a width almost independent of the field, indicate a rather high critical current density (J c ) in the sample. The J c estimated from the width of the hysteresis loop using Bean's model is at 2 K close to 10 6 A cm -2 in the field range investigated (see Fig. 14, lower panel) . The slight increase in critical current density for higher magnetic fields may indicate an increase in the effectiveness of pinning centers giving rise to a "peak effect". A similar behavior was found in F doped SmFeAsO single crystals [22, 23, 38] .
C. Magnetoresistance of Sm 1-x Th x FeAsO
A Focus Ion Beam (FIB) based contacting method [22] was employed to contact Sm 1-
x Th x FeAsO single crystals. The insert to the upper panel of Fig. 15 shows a typical cool-down curve. The resistivity in zero field decreases by a factor of 3.7 from room temperature upon cooling to T c (onset -49.7 K; 50% -48.9 K; zero -47.4 K), defining the so-called resistivity ratio of the sample studied here. Similar resistivity ratios are typically observed in SmFeAsO with various substitutions on the Fe, As or O sites [22, 38, 50] . A very slight change of slope near 125 K is observed, which is possibly related to the fluctuations of the spin density wave instabilities. The magnetoresistance in fixed fields was recorded upon decreasing temperature starting from above T c , to account for irreversibility effects (Fig. 15) . From this data, the upper critical field was estimated, defined as the magnetic field, where 50% of the resistivity is suppressed of ρ n (see inset in lower panel of Fig. 15 ), where ρ n is the linear extrapolation of the normal state resistivity. In Sm 1-x Th x FeAsO magnetic fields cause only a slight shift of the onset of superconductivity, but a significant broadening of the transition, indicating weaker pinning and accordingly larger flux flow dissipation. Such behavior has been widely observed in the 1111 family. Interestingly, a similar broadening of the resistivity with H||c was also observed in cuprate superconductors [51] and was interpreted in terms of a vortex-liquid state [52, 53] . A recent report on NdFeAsO 1-x F x single crystals confirmed the existence of a vortexliquid state in the 1111 system [54] . Using a linear part of H c2 (T), the upper critical field slopes dH c2 /dT ∼ 5.4 T/K for H||ab and ∼ 2.7 T/K for H||c were determined. These slopes suggest very high values of H c2 (0). The ratio dH c2 /dT (H||ab) /dH c2 /dT (H||c) provides a rough estimation of the upper critical field anisotropy γ H for the temperatures significantly below T c leading, for the slopes values determined here, to a value of γ H (T = 0) ≈ 2. The results suggesta tendency of decreasing γ H with decreasing temperature, as already reported from high field resistivity measurements for NdFeAsO 1-x F x [55] and SmFeAsO 1-x F y [38] . Such a small value of the ratio dH c2 /dT (H||ab) /dH c2 /dT (H||c) is mostly due to the enormous sensitivity of the steep dH c2 /dT (H||ab) on Th doping. Although very similar in shape, its value is ∼ 5.4 T/K in Sm 1-
x Th x FeAsO and ∼ 8 T/K in SmFeAsO 1-x F y [38] . Furthermore, H c2 for H||c is steeper in Sm 1-
x Th x FeAsO.
IV. CONCLUSIONS
Poly-and single-crystalline samples of Sm 1-x Th x FeAsO superconductors were successfully prepared using the high-pressure cubic anvil technique, and their crystallographic and basic superconducting state properties were studied. Partial substitution of Sm 3+ by Th [30, 38, 42, 56] . 
